INTRODUCTION {#s1}
============

Von Hippel-Lindau (VHL) disease is a rare disease (incidence 1:35 000 - 1:50 000), which results in a variety of tumor syndromes \[[@R1], [@R2]\]. VHL patients inherit a single mutant *VHL* allele. Tumor development follows somatic inactivating mutations of the remaining wild-type *VHL* allele. Frequently, VHL patients develop clear cell renal cell carcinoma (ccRCC) \[[@R2]\]. Likewise, somatic mutation of the *VHL* gene is also a frequent event in sporadic ccRCC (occurring in non-VHL patients) \[[@R3]\]. The VHL protein (pVHL) is part of a multi protein complex, which functions as a ubiquitin ligase \[[@R4]\] with HIF transcription factors being important substrates Jaakkola, 2001 \#82}. Loss of functional pVHL results in the accumulation of HIF transcription factors with subsequent consecutive expression of hypoxia-related genes, affecting metabolic and apoptotic processes as well as vascularization. However, several *in vitro* and *in vivo* studies highlight that *VHL* inactivation alone is insufficient to cause the development of overt malignancies \[[@R5]--[@R8]\].

ccRCC has been in the focus of several unbiased expression studies in order to determine key characteristics of the neoplastic malignant tissue and potential targets for therapeutic intervention. This includes both transcriptomic \[[@R9]--[@R12]\] and proteomic strategies \[[@R13]--[@R19]\]. These studies typically focused on sporadic ccRCC. Beroukhim et al. performed a transcriptomic survey of ccRCC in VHL patients \[[@R9]\]. System-wide analysis of proteins ("proteomics") is gaining interest for the investigation of malignancies due to the limited correlation between mRNA and protein levels \[[@R20], [@R21]\]. Formalin-fixed, paraffin-embedded (FFPE) samples are increasingly recognized as a robust and valuable resource for proteomic profiling \[[@R22]--[@R24]\]. FFPE samples constitute the predominant form of tissue storage in most clinico-pathological archives, especially for collections that have been assembled over decades. This aspect renders the investigation of FFPE specimens particularly useful for research on rare diseases and with a long time follow-up. In the present study, we employed "FFPE proteomics" for the proteomic profiling of ccRCC tissue from VHL patients compared to patient-matched, non-malignant kidney tissue. Amongst other findings, we observe a prototypical proteomic fingerprint of aerobic glycolysis ("Warburg effect") in ccRCC tissue together with differential regulation of Xaa-Pro Aminopeptidases-1 and -2 (tumor-specific increase of XPNPEP1 with concomitant decrease of XPNPEP2).

RESULTS AND DISCUSSION {#s2}
======================

Experimental set-up {#s2_1}
-------------------

We aimed for a proteome characterization of ccRCC in VHL patients. We employed FFPE samples since they represent the prevalent form of storage of clinical specimens, especially for rare diseases. We have recently shown that FFPE samples are amenable to quantitative proteomic analysis using isotope-coded dimethylation \[[@R22]\] and we employed this technique for the present study. Our cohort comprised eight cases; in each case we compared the proteome of ccRCC tissue to the adjacent non-malignant tissue.

In order to enable cohort-wide comparison, we also included a pooled sample (comprised of ccRCC and non-malignant tissue) as a spike-in reference standard against which every other sample can be compared. This set-up is reminiscent of the Super-SILAC technique, in which metabolically labelled proteomes serve as spike-in reference standard \[[@R25]\].

With tumor tissue, non-malignant tissue, and the pooled standard, a triplex labeling scheme was employed (Figure [1](#F1){ref-type="fig"}).

![Patient matched samples of ccRCC tissue and adjacent non-malignant tissue were collected from FFPE specimens and, post-trypsination, differentially labeled by isotopic, formaldehyde-based dimethylation\
A differentially labeled, pooled reference standard was also included.](oncotarget-08-100066-g001){#F1}

Proteome profile of ccRCC in VHL patients {#s2_2}
-----------------------------------------

LC-MS/MS analysis enabled the identification (at a false discovery rate \< 1 %) and quantitation of 1716 proteins that were identified in at least six of the eight cases; thus representing a robust and confident survey of the ccRCC proteome and its non-malignant counterpart. As outlined above, inclusion of a pooled standard enables cohort-wide comparison. In unsupervised hierarchical clustering, the individual profiles of the tumor and "normal" tissue samples, when compared to the pooled standard, were clearly separated, resulting in unambiguous clusters that represent either ccRCC tissue or adjacent, non-malignant tissue (Figure [2A](#F2){ref-type="fig"}). This result validates our experimental approach.

![**(A)** In comparison to the reference standard, tumor and non-malignant tissue are clearly separated by hierarchical clustering. **(B)** For all eight cases, there is good correlation between the quantitative alterations observed in direct comparison of tumor and non-malignant tissue.](oncotarget-08-100066-g002){#F2}

Our triplex labeling strategy further enabled the direct quantitative comparison of the patient-matched samples of renal cancer tissue and adjacent non-malignant tissue. The resulting profiles of quantitative proteome differences evidence a high degree of similarity (Figure [2B](#F2){ref-type="fig"}).

These findings highlight limited heterogeneity in the cancer and non-malignant tissues of the different cases, despite differences in the clinical progression of the diseases, e.g. with regard to recurrence. A potential caveat, albeit faced by most genomic, transcriptomic, and proteomic investigations, is that decisive proteome differences of individual cells may be overshadowed by bulk sample material.

Quantitative proteome differences between renal cancer tissue and non-malignant kidney tissue {#s2_3}
---------------------------------------------------------------------------------------------

To identify proteins that are significantly enriched or depleted in renal cancer tissue as compared to adjacent, non-malignant tissue, we employed a linear model as implemented in the limma statistical package \[[@R26]\], which is particularly powerful with regard to multiple testing correction and prevention of false-positive discoveries in the analysis of omics-style data. Omics-style data frequently suffers from a comparably small number of biological replicates (here: 8 cases) but a large number of analytes (here: \> 1700 quantified proteins). We chose the following criteria to identify proteins that exhibit a significant change in abundance: (a) limma moderated p-value \< 0.01 and (b) average increase or decrease in abundance by more than 50 % (log~2~ (Tu / No) \> 0.58 for increase; log~2~ (Tu / No) \< -0.58 for decrease). These criteria resulted in 341 down-regulated proteins in the renal cancers and 267 up-regulated proteins in the renal cancers. The corresponding volcano plot is visualized in Figure [3A](#F3){ref-type="fig"}; limma moderated p-values and average log2 ratios are listed in [Supplementary Table 1](#SD2){ref-type="supplementary-material"}.

![**(A)** Statistical analysis using linear models as implemented in Limma distinguishes significantly (p \< 0.01) affected proteins. **(B)** Gene ontology (confined to "biological processes") analysis of proteins that were found to be significantly decreased or increased in tumor tissue.](oncotarget-08-100066-g003){#F3}

Decreased levels of the protease neprilysin (cluster of differentiation (CD) 10, synonyms are membrane metallo-endopeptidase (MME), neutral endopeptidase (NEP)) have been observed in numerous studies on ccRCC and our results faithfully replicate this characteristic feature. Indeed., in comparison to the adjacent non-malignant tissue, there is \> 4-fold decrease of neprilysin in the renal cancer tissue (average log~2~ Tu / No 1 = -2.76; p~limma~ \< 0.01). Numerous proteome or transcriptome corroborate a notable decrease of neprilysin in renal cancer \[[@R10], [@R17], [@R27], [@R28]\], which is consistent with our experimental results.

Biological processes and pathways affected in renal cancer {#s2_4}
----------------------------------------------------------

In order to functionally classify the differentially regulated proteins in ccRCC tissue and to identify clusters of co-regulated, functionally related proteins, we performed a gene ontology (GO) enrichment analysis, with a focus on the "biological process" annotation \[[@R29], [@R30]\]. We chose the TopGO algorithm to minimize GO term redundancy \[[@R31]--[@R33]\]. Only clusters with a p-value \< 0.01 and including at least four significantly affected proteins were considered. Using the "biological process" process annotation, this approach identified several clusters, that are either enriched or depleted in renal cancer tissue as compared to adjacent, non-malignant tissue (Figure [3B](#F3){ref-type="fig"}). Enriched biological processes comprised aerobic glycolysis, immune processes such as interferon γ signaling, and reorganization of the extracellular matrix, whereas [depleted]{.ul} biological processes mostly comprised mitochondrial respiration and its associated processes.

In our proteome characterization of ccRCC in VHL patients we observed a Warburg-type metabolic remodelling, which is widely considered a hallmark feature of ccRCC \[[@R3], [@R34]\] as well as being reminiscent of hypoxia-type expression regulation. Notably, we also found elevated levels of nearly all enzymes of canonical glycolysis to convert glucose-6-phosphate into pyruvate and lactate; namely glucose-6-phosphate isomerase, 6-phosphofructokinase, fructose-bisphosphate aldolase, triosephosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase, pyruvate kinase, and lactate dehydrogenase ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}).

In addition to the "Warburg" profile, further examples of hypoxia-type expression regulation include upregulation of pro-angiogenic proteins such as galectin-3 \[[@R35]\] and MUC18 \[[@R36]\]. Major vault protein is known to be upregulated in hypoxia \[[@R37]\] and likely interacts directly with hypoxia-inducible factor (HIF)-α \[[@R38]\].

Another, upregulated protein cluster comprised proteins that are part of the extracellular matrix or that participate in cell-matrix interactions. Although this cluster was less prominent than the Warburg-effect in ccRCC, a large number of studies corroborate a similar proteome enrichment. Prominent examples are the matricellular protein periostin \[[@R13], [@R19], [@R39]\] and fibronectin \[[@R16], [@R17], [@R40], [@R41]\]. Increased levels of type-VI collagen in ccRCC have also been corroborated elsewhere \[[@R11]\] as is the case for integrin β-2 \[[@R13]\]. Similarly, a large body of literature supports elevated levels of annexin A2 in ccRCC \[[@R18], [@R22], [@R42]--[@R44]\]. We conclude that extracellular matrix components and proteins involved in cell-matrix interaction constitute important proteomic themes of ccRCC.

Differential expression of Xaa-Pro aminopeptidases in renal cancer {#s2_5}
------------------------------------------------------------------

We noticed differential expression of a surprisingly large number of exoproteases in the ccRCC tissue. We use the term "exoproteases" in a wider sense, covering also di- and tri-peptidases; hence collectively referring to proteolytic enzymes that remove one, two or three residues from the amino- or carboxy-termini of proteins.

Exoproteases exhibiting an increase in abundance (as compared to adjacent non-malignant tissue) were aspartyl aminopeptidase, tripeptidyl-peptidase (TPP-1), cytosolic non-specific dipeptidase (CNDP2), endoplasmic reticulum aminopeptidase 1, and Xaa-Pro aminopeptidase 1 (XPNPEP1).

In contrast, exoproteases showing a [decrease in]{.ul} abundance (as compared to adjacent non-malignant tissue) were Xaa-Pro aminopeptidase 2 (XPNPEP2), acylamino-acid-releasing enzyme, carboxypeptidase Q, dipeptidyl peptidase 1 (Cathepsin C), carboxypeptidase C (Cathepsin A), aminopeptidase N, renal dipeptidases, and Xaa-Pro dipeptidases.

For some of the aforementioned proteins, further omics-style studies on ccRCC corroborate our findings. Examples include CNDP2 \[[@R16], [@R17], [@R42]\], TPP-1 \[[@R16]\], aminopeptidase N \[[@R16], [@R17]\], and cathepsin C \[[@R45]\]. However, the collective and substantial alteration of exopeptidase abundance in ccRCC has so far been only rarely discussed in the corresponding literature, although tumor-specific alterations in exoproteolytic activity patterns have been noted \[[@R46]\]. Importantly, while (endo-)proteolytic enzymes are typically produced as inactive zymogens that require further activation, this is less often the case for exopeptidases. Many exopeptidases are synthesized as catalytically active enzymes without the requirement of further activation. Secondly, regulation by endogenous inhibitors is less prominent for exo- than for many endoproteases. Without these two levels of auxiliary activity regulation, altered abundance of such exoproteases likely represents altered exoproteolytic activity in a direct manner.

Out of the array of differentially regulated exoproteases, we chose to further study Xaa-Pro aminopeptidases -1 and -2 (XPNPEP1 and -2, respectively, Figure [4A](#F4){ref-type="fig"}) since their tumor-contextual expression has been rarely investigated. XPNPEP1 is a cytosolic enzyme while XPNPEP2 is glycophosphatidylinositol (GPI) anchored on the cytosolic side of the plasma membrane. Both enzymes are metallopeptidases that use manganese as a cofactor for activity. XPNPEP1 and -2 are thought to have comparable structural properties and similar substrate specificities \[[@R47]\]. It is however unknown, whether they can functionally compensate for each other. Cleaving after proline ("P1 proline" in Schechter-Berger nomenclature \[[@R48]\]) XPNPEP1 and -2 remove di- or tri-peptides from protein or peptide N-termini. XPNPEP1 and -2 have been mostly studied with regard to their ability of processing bradykinin \[[@R49], [@R50]\] *in vitro* (see also below). We found very few reports of XPNPEP1 or -2 in cancer biology. One study associates XPNPEP1 with unfavorable outcome in acute myeloid leukemia \[[@R51]\]. We are not aware of any studies on the role of XPNPEP proteases in the context of VHL disease or renal cancer.

![**(A)** The exoproteases XPNPEP1 and -2 are regulated, on the protein level, in opposing directions in ccRCC tissue **(B)** exemplary immunohistochemical staining intensities of XPNPEP1 and -2 **(C)** Immunohistochemical analysis of XPNPEP1 and -2 corroborates the proteomic analysis. p-value refers to two-sided student t-test, p \< 0.05).](oncotarget-08-100066-g004){#F4}

We further employed immunohistochemistry (IHC) to investigate the expression of XNPEP1 and -2 in ccRCC of VHL patients, using the same cohort employed for the proteomic study. In normal, non-malignant kidney tissue, we observed abundant expression of XPNPEP1 and XPNPEP2 in proximal tubuli (Figure [4B](#F4){ref-type="fig"}; also supported by published reports on XPNPEP1 activity \[[@R52]\]). In ccRCC tissue, there is only scant detection of XPNPEP2 but strong presence of XPNPEP1 (Figure [4B](#F4){ref-type="fig"}). We notice significantly decreased levels of XPNPEP2 (p \< 0.01, two-sided student t-test, Figure [4C](#F4){ref-type="fig"}) as well as significantly elevated levels of XPNPEP1 (p \< 0.05, two-sided student t-test, Figure [4C](#F4){ref-type="fig"}) in the ccRCC tissue. In ccRCC, XPNPEP1 is predominantly expressed by the actual tumor cells. Of note however, we employed macrodissection in order to focus on tumor tissue with few other cell types (e.g. fibrotic areas). We conclude that the IHC analysis corroborates the initial quantitative proteomic findings. To our knowledge, this is the first dedicated report of differential regulation of XPNPEP proteases in ccRCC.

The present study focused on ccRCC in VHL disease patients. Many of these patients suffer form hypertension \[[@R53], [@R54]\]. Likewise, some studies suggest that renal cancers secrete vasoactive factors, which may lead to hypertension \[[@R55]\]. On the proteomic level, the finding of hypertensive factors being secreted by renal cancers is somewhat contrasted by the hallmark decrease of neprilysin, which degrades hypotensive peptides, including kinins (i.e. bradykinin) and atrial natriuretic factor \[[@R56]\]. XPNPEP1, which we found to be upregulated in ccRCC, has been reported to contribute to the degradation of bradykinin. However, this annotation is essentially based on *in vitro* cleavage assays \[[@R57]\] that fail to account for the cytosolic localization of XPNPEP1, while bradykinin is an extracellular peptide. We conclude that the prominent role of exo- and endoproteases in regulating vasoactive peptides together with their differential regulation in ccRCC is suggestive of a link to impaired blood pressure control; however a clear picture fails yet to emerge.

XPNPEP-1 restricts renal cancer cell proliferation and migration {#s2_6}
----------------------------------------------------------------

The strong presence of XPNPEP1 in ccRCC motivated us to investigate its impact on cancer cell functionality. To this end, we chose the human renal cell adenocarcinoma cell line 786-O, which contains a mutated *VHL* gene. 786-O cells are frequently used as cellular model systems to study functional aspects of renal cancer *in vitro* \[[@R58]--[@R60]\]. In line with 786-O cells being a cancer cell line, we found noticeable expression levels of XPNPEP1 (Figure [5A](#F5){ref-type="fig"}). Four isoforms of XPNPEP1 are being reported, with sequence lengths ranging from 599 to 666 amino acids. By immunoblotting, we detected two protein species in the range of 70 -- 75 kDa, which corresponds well to the predicted molecular weights of the different XPNPEP1 isoforms. Although the occurrence of two bands in the immunoblotting analysis may indicate the presence of different XPNPEP1 isoforms, it may also be attributed to differential post-translational processing such as proteolytic truncation or acetylation. We emphasize that our data does not unambiguously demonstrate the occurrence of different XPNPEP1 isoforms in 786-O cells. We suppressed XPNPEP1 expression by RNA interference (RNAi), using stable transduction with two different small hairpin RNAs (shRNAs) and, as a control, a non-targeting shRNA. As highlighted in Figure [5A](#F5){ref-type="fig"}, we achieved marked reduction of XPNPEP1 expression. Functional characterization indicated that reduced XPNPEP1 expression consistently resulted in mildly increased cell proliferation (i.e. shorter doubling time) and increased chemotactic migration (Figure [5B](#F5){ref-type="fig"}). Since proliferation and migration are integral features of the malignant potential of cancer cells, our *in vitro* data suggests a rather anti-tumorigenic function of XPNPEP1, despite its strong upregulation in renal cancer. However, we have only probed a small number of functional aspects (i.e. proliferation and migration) and cannot exclude the possibility of a pro-tumorigenic impact on further aspects of tumor biology, such as metabolism or tumor-stroma interaction, to name just a few examples. Nevertheless, the seemingly paradoxical situation of abundant, tumor-specific expression together with a rather anti-tumorigenic functionality has also been observed for other proteases, such as several matrix metalloproteases, which are now considered as therapeutic anti-targets \[[@R61]\].

![**(A)** Downregulation of XPNPEP1 in 786-O cells by stable transduction with small-hairpin (sh)RNAs as detected by immunoblotting. **(B, C)** Reduced expression of XPNPEP1 leads to enhanced cell proliferation (B) and migration (C) as determined by XCELLigence real time monitoring with data points taken every 15 min. Unpaired Student t-test with two-tailed p-value was employed for statistical analysis; ^\*^ denotes p \< 0.05. The individual data points of the XCELLigence data are shown. n.d., not detected.](oncotarget-08-100066-g005){#F5}

MATERIALS AND METHODS {#s3}
=====================

Ethics statement {#s3_1}
----------------

The study was approved by the Ethics Committee of the University Medical Center Freiburg (311/12). Before study inclusion, all patient data were anonymized.

Tissue collection and sample preparation {#s3_2}
----------------------------------------

FFPE tissue specimens of clear cell renal cell carcinoma (ccRCC) and adjacent non-malignant kidney tissue were chosen. As outlined above, all tissues stem from 8 VHL patients. Necrotic and fibrotic areas as well as areas of hemorrhage and inflammation, which are common findings in kidney cancers, were marked under the light microscope on an HE stained slide ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}) and removed by macrodissection from at least three following unstained sections, each of 5 μm thickness. Sample preparation, including deparaffinization before macrodissection and subsequent heat incubation, and trypsination was essentially performed as described previously \[[@R22]\]. For quantitative comparison, triplex isotopic dimethylation of primary amines was employed \[[@R62]\], distinguishing tumor tissue (Tu), adjacent non-malignant tissue (No), and a pooled mix that serves as a standard similar to the Super-SILAC approach \[[@R25]\]. Samples were further fractionated by miniaturized strong cation exchange chromatography (Empore cation-SR, 3M, St. Paul, MN, USA) with a procedure adapted from Rappsilber et al \[[@R63]\]. The peptides were eluted with six different concentrations of ammonium acetate (40, 80, 120, 160, 200 and 500mM). Each fraction was cleaned up on a homemade Empore C18 column (3M, St. Paul, MN, USA) as described by Rappsilber

LC-MS/MS and data analysis {#s3_3}
--------------------------

LC-MS/MS was performed using an Orbitrap Velos Pro mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled to an EasyLC 1000 (Thermo Fisher Scientific (Proxeon), Odense, Denmark). Peptides were separated by reversed-phase chromatography using a 12-cm column with an inner diameter of 75 μm, packed with 5 μm C18 particles (Nikkyo Technos Co., Ltd. Japan). Chromatographic gradients started at 97% buffer A and 3% buffer B with a flow rate of 300 nl/min, and gradually increased to 93% buffer A and 7% buffer B in 1 min, to 65% buffer A and 35% buffer B in 120 min. After each analysis, the column was washed for 10 min with 10% buffer A and 90% buffer B. Buffer A: 0.1% formic acid in water. Buffer B: 0.1% formic acid in acetonitrile.

The mass spectrometer was operated in positive ionization mode with nanospray voltage set at 2.2 kV and source temperature at 250 °C. Ultramark 1621 for the FT mass analyzer was used for external calibration prior the analyses. Moreover, an internal calibration was also performed using the background polysiloxane ion signal at m/z 445.1200. The instrument was operated in data-dependent analysis (DDA) mode and full MS scans with 1 micro scan at a resolution of 60,000 were used over a mass range of m/z 350-2000 with detection in the Orbitrap. Automatic gain control (AGC) was set to 1E6, dynamic exclusion was set to 60 s and the charge state filtering disqualifying singly charged peptides was activated. In each DDA cycle, a survey scan (MS1) was recorded and then the top ten most intense ions above a threshold ion count of 5000 were selected for fragmentation at normalized collision energy of 35% (MS2). Fragment ion spectra produced via collision-induced dissociation (CID) were analyzed in the linear ion trap, AGC was set to 5e4, isolation window of 2.0 m/z, activation time of 0.1 ms and maximum injection time of 100 ms was used. All data were acquired with Xcalibur software v2.2.

MS data were analyzed by MaxQuant version 1.5.28 \[[@R64]\] with the Uniprot human database downloaded on November 2015, counting 20193 reviewed entries \[[@R65]\]. The analysis included an initial search with a precursor mass tolerance of 20 ppm for mass recalibration and a main search with precursor mass and fragment mass tolerances of 6 ppm and 20 ppm, respectively. The search included a fixed modification of carbamidomethyl cysteine and no variable modifications. Tryptic cleavage specificity with no missed cleavages was used with a minimal peptide length of seven amino acids. The false discovery rate (FDR) was set to \< 1% for peptide and protein identifications in individual analyses. For quantitative comparison between samples we used the amino-dimethylation labeling scheme based on multiplicity three.

Proteins were only further considered if they were identified and quantified in at least six of the eight patient cases. Due to this strict requirement of six biological replicate, we also included proteins that were identified and quantified by single peptides in individual replicates. Files obtained by MaxQuant were further processed using RStudio v.0.99.446 (R Foundation for Statistical Computing, Vienna, Austria) as previously described \[[@R66]\]. Reverse and potential contaminants entries were removed. Ratios were log~2~ transformed, normalized by centering, and a linear model was fitted using the limma package \[[@R67]\].

Immunohistochemical analysis {#s3_4}
----------------------------

For immunohistochemical analysis of XPNPEP1 and XPNPEP2 from selected suitable FFPE tissue samples, slices of 2 μm thickness were prepared using the Leica RM2255 microtome. For XPNPEP2, antigen retrieval was performed for 5 minutes using citrate buffer pH 6,0 using a pressure cooker. For staining of XPNPEP1, no antigen retrieval was necessary. Next, incubation with primary antibodies was conducted (XPNPEP1: monoclonal murine antibody ab123929 (ABCAM); XPNPEP2: polyclonal goat antibody AF2490 (RnD systems)). Incubation times and dilution were 60 min diluted 1:400 in Zytomed dilution buffer (ZUC025-500) for the XPNPEP1 antibody and 60 min diluted 1:450 in Zytomed dilution buffer (ZUC025-500) for the XPNPEP2 antibody. Visualization was performed using DAKO Envision Flex+, Mouse, high pH (Link) Detecting System (K800221-2). Sections were counterstained with hematoxylin for one minute, dehydrated in an ascending alcohol concentration and covered with xylol and coverslipping film (Tissue-Tek^R^ 4770). For evaluation, two experienced pathologists reviewed XPNPEP1 and -2 expression in ccRCC tumor cells and adjacent, non-malignant tissue. Using 50-fold and then 100-fold magnification, XPNPEP1 and -2 expression was analyzed performing a semi-quantitative expression analyses by evaluating XPNPEP1 and -2 intensity (range 0 to 3). In detail, if no staining was detectable the XPNPEP1 or -2 expression was scored negative (score 0). If a mild immunoreactivity was detectable score 1 (low intensity) was used. If XPNPEP1 or -2 was expressed similar to the staining intensity of proximal tubuli of adjacent non-malignant renal tissue than core 3 (high intensity) was assigned. Score 2 (moderate intensity) was used if XPNPEP1 or -2 intensity was weaker than score 3 but more intense than score 1. For statistical analysis of immunohistochemistry, which is based on a two-sided Student t-test, for every patient only the score with the highest percentage of area was included.

Cell culture, XPNPEP1 knock-down, immunoblotting, and functional analysis {#s3_5}
-------------------------------------------------------------------------

The human renal cell adenocarcinoma cell line 786-O, which contains a mutated *VHL* gene, was purchased from Cell Line Services (Heidelberg, Germany) and cultured in Dulbecco's modified Eagle's medium (PAN) supplemented with 10 % fetal calf serum (PAN), 1 % non-essential amino acids, 1 % MEM vitamins and 1 % penicillin/streptomycin (all Gibco/Invitrogen) at 37 °C in humidified air, containing 5 % CO~2~. To reduce the expression of XPNPEP1, three different shRNA constructs were used: shRNA-ctrl (non-targeting shRNA, SHC002), shRNA-1 (TRCN 0000073927), shRNA-2 (TRCN 0000073923) (all Sigma-Aldrich). Viral transduction and selection of stable transfectants was performed as described \[[@R68]\]. Immunoblotting was performed as described \[[@R69]\] using the primary XPNPEP1 antibody ab123929 (ABCAM). Proliferation and migration assays were performed using the xCELLigence System (Roche, Mannheim, Germany) as described \[[@R70]\]. For the migration assay, 20K cells were cultured in CIM plates with serum-free medium in the upper chamber and normal growth medium in the lower chamber. For the proliferation assay, 5K cells were seeded in E-16 plates to monitor the cell doubling rate.

Data availability {#s3_6}
-----------------

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE \[[@R71]\] partner repository with the dataset identifier PXD005710.

CONCLUSION {#s4}
==========

We present one of the first proteomic profiling studies of ccRCC in VHL patients, in which we found prototypical hallmarks of ccRCC, including a proteomic fingerprint of the Warburg effect and an impact of matricellular proteins and components of the extracellular matrix. Methodologically, our work further validates the robustness of using FFPE material for quantitative proteomics and highlights the important alterations in protein abundance exhibited by several exoproteases, from which we verified by immunohistochemistry for XPNPEP1 and -2. Despite the high abundance of XPNPEP1 in ccRCC tumor tissue, functional assays for XPNPEP1 suggest an anti-proliferative and anti-migratory role for this protein, thus characterizing XPNPEP1 as a putative "anti-target" for ccRCC.
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